The HMG-box-containing proteins tHMG-1 and tHMG-2 interact during the histone-to-protamine transition in Drosophila spermatogenesis  by Gärtner, Stefanie M.K. et al.
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Spermatogenesis  is  accompanied  by  a  remarkable  reorganization  of the  chromatin  in  post-meiotic  stages,
characterized  by  a  near  genome-wide  displacement  of histones  by  protamines  and  a  transient  expression
of  transition  proteins.  In  Drosophila,  the  transition-protein-like  protein  Tpl94D contains  an  HMG-box
domain  and  is  expressed  during  chromatin  reorganization.  Here,  we searched  for  additional  HMG-box-
containing  proteins  with  a similar  expression  pattern.  We  identiﬁed  two proteins  speciﬁcally  expressed  in
the testis,  tHMG-1  and  tHMG-2,  whose  expression  levels  were  highest  during  the  histone-to-protamine
transition.  Protein–protein  interaction  studies  revealed  that  tHMG-1  and  tHMG-2  form  heterodimers
in  vivo.  We  demonstrated  that Tpl94D,  tHMG-1  and  tHMG-2  localize  to chromatin  of the  male  germ  line,
with  the  most  abundant  levels  observed  during  post-meiotic  chromatin  reorganization.  Analysis  of  a
tpl94D  mutant  showed  that the  C-terminal  region  of  Tpl94D  is dispensable  for  fertility.  These  data  strongly
suggested  either  that  the  truncated  protein,  which  still contains  the  N-terminal  HMG-box  domain,  is
functional  or  that  other  proteins  act in  functional  redundancy  with  Tpl94D  during  spermiogenesis.  A
thmg-1/thmg-2  null mutant  also  had  no detectable  speciﬁc  phenotype,  but hmgz,  which  encodes  the  major
somatic  HMG-box-containing  protein  HMGZ,  was  transcriptionally  up-regulated.  Our  results  showed  that
Drosophila  spermatogenesis  is characterized  by  continuous  and  overlapping  expression  of different  HMG-
box-containing  proteins.  We  hypothesize  that  the  mechanism  of chromatin  reorganization  is  a  process
highly  secured  by redundancies.
© 2014  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CCntroduction
Spermatogenesis is an event in life in which one of the most
ramatic processes of chromatin remodelling occurs. In many
ertebrates including humans, the once histone-based chromatin
ecomes a highly compact structure owing to the nearly genome-
ide replacement of histones ﬁrst by transition proteins and later
y small basic proteins called protamines (reviewed by Braun,
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2001; Kimmins and Sassone-Corsi, 2005; Sassone-Corsi, 2002).
These characteristic features are conserved between mammals and
Drosophila (for a review, see Rathke et al., 2014).
In mice, histones are replaced by two  transition nuclear pro-
teins, TP1 and TP2. Both proteins are exclusively localized to nuclei
of elongating and condensing spermatids. They are ﬁrst detected in
step 10–11 spermatids (Alfonso and Kistler, 1993; Heidaran et al.,
1988), reach maximal levels during steps 12–13, and are no longer
detectable in the nucleus after step 15 (Alfonso and Kistler, 1993;
Heidaran et al., 1988). It is thought that the highly basic TP1 and TP2
proteins play important roles in chromatin remodelling. However,
single mutants of both TP1 and TP2 are fertile, and their sperm show
only minor abnormalities (Adham et al., 2001; Yu et al., 2000; Zhao
et al., 2001). TP1 and TP2 are partially redundant with each other. In
mice lacking both TPs, histone displacement and protamine depo-
sition proceed relatively normally, but chromatin condensation is
irregular in all spermatids (Zhao et al., 2004). It is supposed that
le under the CC BY-NC-ND license
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Polytene chromosomes were prepared and stained as described
in Johansen et al. (2009) using an acid-free method. Immunoﬂuo-S.M.K. Gärtner et al. / European J
berrant chromatin condensation and a high number of DNA breaks
ause the formation of secondary defects in spermatozoa, eventu-
lly leading to male sterility (Zhao et al., 2004).
We previously identiﬁed Tpl94D as a transition-protein-like
hromatin component in Drosophila.  Tpl94D-eGFP is expressed in
arly and late canoe stage spermatid nuclei during the switch from
istones to protamines. Expression is strongest in late canoe stage
permatid nuclei, when protamines are clearly visible and his-
ones are completely gone (Rathke et al., 2007). Tpl94D shows no
equence similarity to the transition proteins of mice, but like TP1
nd TP2, it has a high arginine (11.6%) and serine (13.4%) content,
hich suggests a functional homology to mammalian transition
roteins. One characteristic of Tpl94D is the HMG-box motif, a
NA-binding domain of ∼75 amino acids that forms a characteristic
-shaped fold consisting of three -helices. By binding in the minor
roove, HMG-box domains unwind and signiﬁcantly bend the DNA.
n this way, proteins that contain an HMG-box can function as archi-
ectural elements of chromatin (reviewed in Stros, 2010; Reeves,
010).
We  asked whether Tpl94D in Drosophila plays an essential role
n the formation of functional sperm, as observed in mice lacking
oth TPs. We  hypothesized that, by analogy to the situation in mice,
ther HMG-box-containing proteins in Drosophila also accompany
he histone-to-protamine switch and are redundant with Tpl94D.
aterials and methods
ly strains and culture
Drosophila melanogaster strains were maintained on standard
edium at 25 ◦C. w1 (Klemenz et al., 1987) and w1118 were
sed as wild-type strains.  BL14220 (y1 w67c23; ry506 P{SUPor-
}CG7046KG05938), BL26537 (w1118; Df(3R)BSC685/TM6C, Sb1 cu1)
nd BL24749 (y1 M{vas-int.Dm}ZH-2A w*; M{3xP3-RFP.attP}ZH-
6Fb) were obtained from the Bloomington Drosophila Stock Center.
gs58AB (GAL4 strain under control of the regulatory regions of
gs4) was kindly provided by A. Hofmann and M.  Lehmann (FU
erlin, Institut für Biologie; unpublished). H2AvD-RFP transgenic
ies were kindly provided by C. Wenzl (Clarkson and Saint, 1999).
loning of the constructs used to generate transgenic ﬂies
To generate CG12104-eGFP and CG30356-eGFP constructs, the
pen reading frames of CG12104 and CG30356 together with a
87 bp and 547 bp sequence, respectively, upstream of the ATG
ranslational start were PCR ampliﬁed from genomic DNA using
rimers with linked EcoRI and BamHI restriction sites. To generate
hmg-1-eGFP and thmg-2-eGFP constructs, the open reading frames
f thmg-1 and thmg-2 together with a 472 bp and a 548 bp sequence,
espectively, upstream of the ATG translational start were PCR
mpliﬁed from genomic DNA using primers with linked KpnI and
amHI restriction sites. Each PCR fragment was separately cloned
nto the pCR®II-TOPO® vector (Invitrogen). These clones were
igested with KpnI and BamHI or EcoRI and BamHI, as appropriate.
he resulting fragments were cloned into the germline transforma-
ion vector pChabsal  (Thummel et al., 1988) (lacZ sequences were
emoved; eGFP sequence was added). Transgenic ﬂy strains were
stablished by injection into w1 embryos (described in Michiels
t al., 1993).
To generate UAS-thmg-1-eGFP and UAS-thmg-2-eGFP con-
tructs, the open reading frames were PCR ampliﬁed and cloned
nto the pENTRTM/D-TOPO® vector (Invitrogen). This vector was
sed to recombine thmg-1 and thmg-2 into the destination
ector pUASt-attB-rfa-eGFP (kindly provided by S. Bogdan, West-
älische Wilhelms-Universität Münster, Institut für Neuro-und of Cell Biology 94 (2015) 46–59 47
Verhaltensbiologie; unpublished). Transgenic ﬂy strains were
established by injection of the constructs into BL24749 (described
in Bischof et al., 2007).
RT-PCR and qRT-PCR
Total RNA for RT-PCR experiments was  extracted from wild-
type testes, male carcasses (testes removed by dissection), embryos
(0–24 h), larvae (mixture of male and female larvae) and female
ﬂies using TRIzol® (Invitrogen). mRNA was isolated with the Olig-
otex mRNA kit (Qiagen). We  used the OneStep RT-PCR Kit (Qiagen)
to amplify the following cDNA fragments from the open read-
ing frames: thmg-1, 355 bp; thmg-2, 361 bp; CG12104, 506 bp; and
CG30356, 421 bp.
For qRT-PCR experiments, total RNA was extracted from 100
wild-type testes (control) and 100 thmg1-2 mutant testes of
ﬂies of controlled age using TRIzol® (Invitrogen). Total RNA was
treated with DNase (Promega) according to manufacturer’s proto-
col. RNA (1 g) was reverse transcribed using the Transcriptor First
Strand cDNA Synthesis Kit (Roche). qPCR was performed with a
Sybrgreen platform on a Bio-Rad CFX Cycler. The reactions were
performed in a 15 l volume containing 7.5 l PerfeCTa® SYBR®
Green SuperMix (Quanta Biosciences), 5.2 l ddH2O, 2 l diluted
cDNA and 0.3 l of each gene-speciﬁc primer. PCR conditions were
as follows: 95 ◦C for 3 min; 55 cycles of 95 ◦C for 10 s, 60 ◦C for
10 s, and 72 ◦C for 30 s. A melting curve was generated to esti-
mate the speciﬁcity of the reactions. Two biological replicates were
used per sample (for each sample we synthesized cDNA from 50
testes pairs). The values were normalized to the expression of Rpl32
and Gapdh1. A t-test was used to evaluate statistical signiﬁcance.
The primers used were: HMGZ-fwd CAGCAAGGTGACAGACATCG,
HMGZ-rev ACCGCCTTGTTGTACTCCTC; HMGD-fwd AGCGCGGTG-
GTGAATTATGG, HMGD-rev CATTGGCCTCGAACTCCTTG; Rpl32-fwd
ATGACCATCCGCCCAGCATAC (Czech et al., 2008), Rpl32-rev CTG-
CATGAGCAGGACCTCCAG (Czech et al., 2008); and Gapdh1-fwd
ATCGTCGAGGGTCTGATGAC, Gapdh1-rev AAGCGGACGGTAAGATC-
CAC.
Antibodies and immunoﬂuorescence staining
For immunoﬂuorescence analysis, adult testes were squashed
and treated essentially as described in Hime et al. (1996)
and Rathke et al. (2007). DNA was  visualized by staining
with Hoechst 33258 dye. F-Actin was visualized by staining
with rhodamine-phalloidin. We raised peptide antibodies against
Tpl94D (aa 3–20), tHMG-1 (aa 81–89) and tHMG-2 (aa 87–106)
in rabbit and guinea pig and applied the afﬁnity-puriﬁed anti-
bodies at a dilution 1:500 to 1:1000 (Pineda Antibody Service;
http://www.pineda-abservice.de). Mst77F was detected with anti-
body Anti-Mst77F (Rathke et al., 2010) at a 1:1000 dilution.
Protamine A was  detected with antibody Anti-ProtA (Doyen et al.,
2013) at a 1:1000 dilution. Protamine B was detected with anti-
body Anti-ProtB (Doyen et al., 2013) at a 1:1000 dilution. Histones
were detected with antibody Anti-Histone, F152.C25.WJJ (Milli-
pore) at a 1:1200 dilution. These primary antibodies were marked
with anti-rabbit, DyLight488-conjugated secondary antibody (Vec-
tor Laboratories), anti-guinea pig, Cy3-conjugated and anti-rabbit,
Cy5-conjugated secondary antibodies (Dianova) at a 1:100 dilution.rescence, eGFP, mCherry, RFP and Hoechst signals were examined
using a Zeiss AxioPlan2 microscope equipped with appropriate ﬂu-
orescence ﬁlters. Images were individually recorded and processed
with Adobe Photoshop CS2.
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n vivo imaging using Drosophila cyst cultures
Cyst cultures of double-transgenic ﬂies carrying tHMG-1-
GFP and H2AvD-RFP were established as described in Awe
nd Renkawitz-Pohl (2010) and Gärtner et al. (2014). In short,
upal testes were dissected in Shields and Sang M3  insect cul-
ure medium (Sigma-Aldrich Cat no. S8398) supplemented with
0% foetal bovine serum (heat inactivated, insect culture tested,
igma-Aldrich Cat no. F3018), 100 U/ml penicillin and 100 mg/ml
treptomycin (Gibco-Invitrogen Cat no. 15140-148). Single 16-cell
permatocyte cysts were isolated and transferred to glass-bottom
ishes (CELLviewTM, greiner bio-one). Time-lapse images were
ecorded in vivo using a Zeiss AxioObserver Z1 inverted micro-
cope equipped with appropriate ﬂuorescence ﬁlters. Images were
ecorded every 2 min  with an AxioCam MRm  and processed with
xioVision software.
emobilization of P(SUPor-P)CG7046KG05938
In the P(SUPor-P)CG7046KG05938 ﬂy strain, P(SUPor-P) is inserted
5 bp upstream of the translational start codon of thmg-2 (Bellen
t al., 2004). This strain is not viable when homozygous. Before
emobilization, the P-element insertion site was conﬁrmed by PCR.
enomic DNA of P(SUPor-P)CG7046KG05938 was used as template in
tandard PCR reactions. PCR products were sequenced. P(SUPor-P)
as remobilized by using the transposase source of line w; 2-3
i/TM3, Sb (C. Klämbt, Westfälische Wilhelms-Universität Münster,
nstitut für Neuro- und Verhaltensbiologie). Two hundred single
umpstarter males were crossed with females of the balancer line
; TM3, Sb/TM6, Tb.  The P-element was followed by monitoring
ye colour. Excision of the P-element was indicated by loss of the
hite eye marker. Individual white-eyed P(SUPor-P)CG7046KG05938
xcision lines were isogenized and crossed over Df(3R)BSC685,  a
eﬁciency spanning the genomic region of thmg-1 and thmg-2. Loss
f tHMG-1 and tHMG-2 full-length expression was  conﬁrmed by
mmunoﬂuorescence staining. The thmg-1 and thmg-2 genes were
nalysed using standard PCR and subsequent sequencing.
nalysis of direct protein interactions by bimolecular ﬂuorescence
omplementation (BiFC)
The BiFC assay is used to visualize protein–protein interactions
n vivo. The assay is based on reconstitution of an intact ﬂuorescent
rotein when two complementary non-ﬂuorescent fragments that
re fused to a pair of interacting proteins are brought together via
he direct interaction of the proteins (for a review, see Kodama
nd Hu, 2012). We  used two complementary fragments of the
uorochrome Venus-YFP, N-YFP and C-YFP. To generate BiFC con-
tructs, the open reading frames of the thmg-1 gene and the thmg-2
ene were PCR ampliﬁed using genomic DNA and primers with
inked NotI and AscI restriction sites. The PCR fragments were
sed for subsequent cloning into the pCR®II-TOPO® vector (Invitro-
en). These clones were digested with NotI and AscI. The resulting
ragments were cloned into the pUASt-Myc C-YFP vector and the
UASt-N-YFP HA vector (Dottermusch-Heidel et al., 2012) in-frame
o the C-YFP and N-YFP tag. These constructs were injected into
1118 embryos to establish transgenic ﬂies (described in Michiels
t al., 1993).
To generate tHMG-1-C-YFP under the control of the promoter
egion of thmg-1, the thmg-1 open reading frame together with
 472 bp sequence upstream of the ATG translational start was
CR ampliﬁed from genomic DNA using primers with linked NotI
nd AscI restriction sites. The PCR fragment was used for sub-
equent cloning into the pCR®II-TOPO® vector (Invitrogen). The
onstruct was digested with NotI and AscI. The resulting fragment
as cloned into the pUASt-Myc C-YFP vector (Dottermusch-Heidel of Cell Biology 94 (2015) 46–59
et al., 2012). To generate N-YFP-tHMG-2 under the control of the
promoter region of thmg-2,  N-YFP-thmg-2 was  PCR ampliﬁed using
the above-described UAS-N-YFP-tHMG-2 construct and primers
with linked BamHI and SpeI restriction sites. The PCR fragment was
used for subsequent cloning into the pCR®II-TOPO® vector (Invitro-
gen). A 548 bp sequence upstream of the ATG translational start was
PCR ampliﬁed using genomic DNA and primers with linked KpnI
and BamHI restriction sites. The PCR fragment was used for subse-
quent cloning into the pCR®II-TOPO® vector (Invitrogen). Both PCR
fragments were cloned into the transformation vector pChabSal
(Thummel et al., 1988) (lacZ sequences were removed) using the
respective restriction sites. The constructs were used to estab-
lish transgenic ﬂies by injection into w1118 embryos (described in
Michiels et al., 1993).
Results
Tpl94D marks distinct regions of the spermatid nucleus during the
histone-to-protamine transition
The expression pattern of Tpl94D has been described using a cor-
responding eGFP fusion protein (Rathke et al., 2007). Tpl94D-eGFP
is homogenously expressed in early and late canoe stage nuclei
during the switch from histones to protamines. According to its
cell-stage-speciﬁc expression in the testis, Tpl94D might play a key
role in disrupting nucleosomal structure during the switch from
a histone-based to a protamine-based conﬁguration. Tpl94D-eGFP
expression does not reveal a speciﬁc distribution of the protein
in the nucleus that could argue for binding of the protein to dis-
tinct regions of the chromatin. Thus, we  raised an antibody against
Tpl94D to analyse the expression of the protein at the nuclei in
detail. Antibody staining conﬁrmed the cell-stage-speciﬁc expres-
sion pattern of Tpl94D (Fig. 1A). Tpl94D expression started in early
canoe stage nuclei (Fig. 1A column 1), and the protein was  detected
at the nuclei when histones were removed and protamines were
loaded (Fig. 1A columns 2–3). The protein was  no longer detected
when protamines were fully loaded (Fig. 1A column 4). In addi-
tion, antibody staining revealed a dotted pattern of Tpl94D all over
the nuclei (Fig. 1A row 3, column 3, arrowhead). Thus, different
regions of chromatin might contain Tpl94D at different levels or be
differently accessible for the antibody.
The C-terminal part of Tpl94D is dispensable for fertility
tpl94D encodes two  annotated protein isoforms that differ only
in one amino acid. Thus, no considerable differences in protein
function were expected. To gain insight into the function of Tpl94D,
we analysed minos-element insertions in the genomic region of
tpl94D. The minos insertion Mi{MIC}MI04145 in the 5′ untranslated
region of tpl94D has been previously reported to be homozy-
gous fertile (Bellen, Hugo, 2012.1.3, personal communication to
FlyBase). Therefore, we  further analysed the ﬂy strain carrying
an Mi{ET1}Tpl94DMB06354 insertion. In this strain, the minos-
element is localized in the tpl94D open reading frame. The insertion
led to an early stop codon 42 base pairs after the HMG-box motif.
According to RT-PCR experiments, a stable tpl94D-C  transcript
was transcribed (data not shown). Sequence analysis of the tran-
script conﬁrmed the presence of an early stop codon. This most
likely resulted in a truncated Tpl94D-C protein whose length is
slightly over half of that of the original protein (Fig. 1C). Our anti-
body still detected this protein in spermatids of the Tpl94D-C
mutant. However, we  cannot conﬁrm the presence of the protein
in western blots since the anti-Tpl94D antibody does not work in
western blot experiments in our hands. tpl94D-C  mutants had no
obvious morphological defects, histones were removed at the canoe
S.M.K. Gärtner et al. / European Journal of Cell Biology 94 (2015) 46–59 49
Fig. 1. Tpl94D is transiently expressed during the removal of histones and early stages of protamine synthesis. (A) Squashed preparation of Drosophila testes expressing ProtB-eGFP
fusion  proteins. Row 1: DNA stained with Hoechst dye. Row 2: Histones detected with an anti-all-histones antibody. Row 3: Tpl94D detected with an anti-Tpl94D antibody
from  early canoe stage nuclei until the transitional phase of late canoe stage nuclei in a spotted pattern (column 3, arrowhead). Row 4: ProtB-eGFP fusion proteins gradually
loaded  onto DNA in late canoe stage nuclei (columns 2–4). Scale bar: 10 m.  (B) Transition from histones (column 2) to protamines (column 3) in Tpl94D-C mutant ﬂies.
Nucleus of the testis sheath marked by an asterisk. The anti-ProtB antibody produces a diffuse signal at the nuclei of individualizing sperm. (C) Schematic overview of the
full-length Tpl94D protein and the Tpl94D-C mutant protein. The HMG-box domain is indicated in blue (aa 4–84). The sequence used for generating the peptide antibody
is  shown (aa 3–20).
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purpose, either UAS-thmg-1-eGFP or UAS-thmg-2-eGFP was  driven
by Sgs58AB-Gal4. Expression of the proteins was  analysed using a
polytene chromosome squash method using acid-free ﬁxation to0 S.M.K. Gärtner et al. / European J
tage, and protamines were loaded (Fig. 1B). Therefore, this Tpl94D
utation did not disturb the switch from histones to protamines.
hus, either stable Tpl94D-C proteins are sufﬁcient for protein
unction or other proteins might act in functional redundancy with
pl94D.
dentiﬁcation of novel HMG-box-containing proteins involved in
rosophila spermatogenesis
Given the role of HMG-box-containing proteins in chromatin
rganization and the expression of Tpl94D-eGFP during the
istone-to-protamine transition, we aimed at identifying addi-
ional HMG-box-containing proteins that might be involved in this
rocess. In a candidate gene approach using ‘Ensembl’ (Flicek et al.,
011), we found 32 HMG-box-encoding genes in Drosophila. Using
lyAtlas (Chintapalli et al., 2007), we identiﬁed six uncharacter-
zed HMG-box-encoding genes whose transcripts are up-regulated
n the testis: CG15510, CG32308 (CG42355), CG7045, CG7046,
G30356 and CG12104. Since we already knew that CG15510 and
G32308 (CG42355) are not expressed during the time spanning
he histone-to-protamine transition (Rathke et al., 2007), we fur-
her analysed only the other four uncharacterized CG genes. All
ut CG12104 encode basic proteins of low molecular mass. In RT-
CR experiments, transcripts of CG12104 were detected in embryos,
on-sexed third instar larvae, adult virgin female ﬂies, adult male
ies without testes (carcasses) and testes, whereas transcripts of
G30356, CG7045 and CG7046 were highly enriched in male gonads
Fig. S1). This is consistent with Affymetrix expression data (’Fly-
tlas’, Chintapalli et al., 2007) and RNA-seq data (modENCODE
roject, Boley et al., 2014). Both databases indicate a strong enrich-
ent of all examined transcripts in the testis. In addition, RNA-seq
etected only very low levels of CG30356, CG7045 and CG7046
xpression in other tissues. We  named CG7045 tHMG-1 (testis-
nriched HMG-box-containing protein-1) and CG7046 tHMG-2
testis-enriched HMG-box-containing protein-2). The correspond-
ng genes were named thmg-1 and thmg-2, respectively. General
haracteristics of Tpl94D,  CG12104, CG30356, thmg-1 and thmg-2
re summarized in Fig. 2 (for alignment of HMG-boxes, see Fig.
2C).
To compare the expression patterns of these proteins during
permatogenesis with that of Tpl94D-eGFP, which is known to be
xpressed between the early and late canoe stage, we generated
GFP- and mCherry-tagged fusion constructs of the respective
enomic regions, established corresponding transgenic ﬂy lines
nd analysed the expression pattern of the tagged proteins in
solated testes (Fig. 3). The testes in Drosophila are two long, coiled
ubules in which the stem cells are localized at the apical tip,
he hub region. Since spermatogenesis continues uninterrupted,
ll stages of germ-cell development are found in chronological
rder along the testis tube. CG12104-mCherry was  expressed
n spermatogonia (Fig. 3A and A′, asterisk) and spermatocytes
Fig. 3A and A′ large arrow). CG12104-mCherry expression was
ot detected beyond the mature primary spermatocyte stage.
he patterns of tHMG-1-eGFP and tHMG-2-eGFP expression
ere highly similar. Expression started in spermatocytes, where
t appeared to be mainly cytoplasmic (Fig. 3B, B′ and C, C′ thick
rrows). Following meiotic division, expression was detected at the
uclei, persisted during spermatid elongation and was  strongest
n late elongating spermatid nuclei while the cytoplasmic signal
aded (Fig. 3B, B′ and C, C′ thin arrows). Mature sperm displayed
o nuclear tHMG-1-eGFP and tHMG-2-eGFP expression (data not
hown). A distinct spatial and temporal expression pattern was
bserved for CG30356-eGFP. CG30356-eGFP strongly accumulated
n drop-shaped dots at the distal end of late elongating spermatids
Fig. 3E arrowheads). Additional visualization of F-Actin (Fig. 3F
nd G) revealed that CG30356-eGFP localized at the nuclei, while of Cell Biology 94 (2015) 46–59
the individualization complex assembled and started to move
along the ﬂagella to individualize the spermatids (Fig. 3G). The
protein was  no longer detected in mature sperm (data not shown).
Since CG12104-mCherry was expressed well before the histone-
to-protamine switch and CG30356-eGFP was  expressed well after
the switch, we focused only on tHMG-1 and tHMG-2, which clearly
were expressed at high levels during the histone-to-protamine
transition of chromatin.
thmg-1 and thmg-2 encode highly similar proteins and likely
arose by gene duplication
Next we concentrated on the newly identiﬁed proteins tHMG-1
and tHMG-2, whose eGFP fusion proteins were expressed highest
during the histone-to-protamine switch. The thmg-1 and thmg-2
genes are arranged in tandem in the genome at cytogenetic position
94B1 (Fig. S2A). A comparison of the sequences using Clustal Omega
(McWilliam et al., 2013) showed 87.4% identity of the nucleotide
sequences and 74.6% identity of the amino acid sequences (Fig. S2B).
Alignment of the HMG-boxes showed 90% identity (Fig. S2C). The
high sequence similarities and genomic arrangement indicated that
the genes most likely arose by gene duplication.
thmg-1 has one annotated transcript that encodes one polypep-
tide, whereas thmg-2 has two annotated transcripts that encode
two annotated polypeptides (FlyBase, version FB2013 03, released
May  7, 2013; Marygold et al., 2013). The transcripts differ in their
5′ untranslated regions; the proteins differ in only one additional
amino acid at the C-terminus of tHMG-2 isoform B (Fig. 2A, row
5). In independent PCR experiments, we  identiﬁed an additional 15
base pair sequence in the annotated genomic region encoding for
tHMG-2. This 15 base pair sequence contains the consensus splice
donor and splice acceptor sites. Thus, we hypothesized that thmg-
2 (Fig. 2A thmg-2, A + B) contains an unidentiﬁed intron. Indeed,
we obtained a PCR product (Fig. 2B, lane 2) whose sequence cor-
responded to the annotated transcripts. Thus, the 15 base pair
sequence is an intron that can be removed by splicing from the
pre-mRNA. As these 15 base pairs of the intron are in frame with
the ﬂanking open reading frame of thmg-2, we  considered the pos-
sibility that an unspliced mRNA might lead to a tHMG-2 isotype
with 5 additional amino acids. To test this hypothesis, we per-
formed RT-PCR experiments using a reverse primer that spanned
the putative intron/exon boundary of the 15 base pair region and a
reverse primer that included the 15 base pairs (Fig. 2C). In addition,
we obtained a PCR product (Fig. 2B, lane 3) that included the 15
base pair sequence. These 15 base pairs encode 5 additional amino
acids in frame with the ﬂanking open reading frame. We  conclude
that thmg-2 encodes at least two tHMG-2 isoforms (Fig. 2A thmg-2,
C + D).
tHMG-1 and tHMG-2 bind to interbands of polytene chromosomes
The HMG-box domain is a well-known chromatin binding
domain but can serve as a domain for protein–protein interactions
as well. To investigate whether tHMG-1 and tHMG-2 can bind to
chromatin, both proteins were ectopically expressed in larval sali-
vary glands to achieve a higher resolution of chromatin. For thispreserve the eGFP signal; DNA was stained with Hoechst dye. Both
proteins bound at multiple sites along the polytene chromosomes,
but mainly co-localized with the chromosome interbands; more
tightly packed bands were free of signals (Fig. 4A and B).
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Fig. 2. Schematic representation of the genomic regions encoding HMG-box-containing proteins expressed during Drosophila spermatogenesis. (A) HMG-boxes are indicated in
green.  Tpl94D-A encodes an 18.8 kDa protein with a single HMG-box (aa 4–84). CG12104 encodes a 28.4 kDa protein with a single HMG-box (aa 76–144). CG30356 encodes
a  17.2 kDa protein with a single HMG-box (aa 40–aa 98). thmg-1 encodes a 14.6 kDa protein with a single HMG-box (aa 8–aa 77). thmg-2 encodes several protein isoforms,
each  with a single HMG-box. thmg-2 encodes the FlyBase-annotated proteins CG7046-PA (15.5 kDa, HMG-box: aa 8–aa 77) and CG7046-PB (15.6 kDa, HMG-box: aa 9–aa 78),
as  well as at least one more isoform: tHMG-2-RC/RD (16/16.1 kDa, HMG-box: aa 8/9–aa 77/78). Encoded sequences used to generate peptide antibodies are indicated in red
(tHMG-1: aa 81–89, tHMG-2: aa 87–106; generated to detect isoforms C + D). (B) RT-PCR analysis of testis mRNA extracts for thmg-2 transcripts. thmg-2 encodes alternatively
spliced  mRNAs. noRT: no reverse transcription reaction, NTC: no template control, M:  MassRuler (Fisher Scientiﬁc). (C) Scheme depicting the localization of the RT-PCR
primers  used to identify alternatively spliced thmg-2 mRNA. The forward primer starts at the ATG codon. Yellow: the 15 base pair sequence; orange: consensus splice sites;
red  underlining: 3′ end of the upstream exon to which half of the ﬁrst reverse primer hybridizes. (For interpretation of the references to colour in this ﬁgure legend, the
reader  is referred to the web  version of this article.)
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Fig. 3. Expression patterns of HMG-box-containing proteins in Drosophila testes. (A–C′) Whole-mount preparations of transgenic ﬂy testes. (A) Fluorescence of CG12104-mCherry
expression in spermatogonia close to the hub region (asterisk) and in spermatocytes (thick arrow). Fat cells displaying bright auto-ﬂuorescence are marked by arrowheads.
(A′) Merged photo of ﬂuorescence image in (A) with bright-ﬁeld image. (B) tHMG-1-eGFP expression in the cytoplasm and nuclei from spermatocytes (thick arrow) until the
canoe  stage (thin arrows). (B′) Merged photo of ﬂuorescence image in (B) with bright-ﬁeld image. (C) tHMG-2-eGFP expression in the cytoplasm from spermatocytes onwards
(thick  arrow) and accumulation of expression in canoe stage nuclei (thin arrow). (C′) Merged photo of ﬂuorescence image in (C) with bright-ﬁeld image. (D–G) Squashed
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owards the distal end (arrowheads). (F) F-Actin visualized with rhodamine-phallo
ars:  (A–C′), 100 m;  (D–G) 10 m.
HMG-1 and tHMG-2 are ﬁrst expressed in the cytoplasm and
isplay highest expression at the nuclei during the
istone-to-protamine transition
To follow the expression of tHMG-1 and tHMG-2 during sper-
atogenesis in detail, we analysed squashed preparations of testes
f tHMG-1-eGFP and tHMG-2-eGFP transgenic ﬂy strains. In mature
rimary spermatocytes, tHMG-1-eGFP and tHMG-2-eGFP signals
ere not detected in the nuclei (Fig. S3A′ and B′), which indicated
 cytoplasmic expression comparable to the situation in whole-
ount testes (Fig. 3B and C). Nuclear signals for tHMG-1-eGFP were
rst detected at post-meiotic round spermatid nuclei in a dotted
attern (Fig. S3A′, column 2). This pattern persisted until late canoe
tage nuclei (Fig. S3A′, column 5). The tHMG-2-eGFP expression
attern resembled that of tHMG-1-eGFP, but expression in round
nd young elongating spermatids was hardly detectable (Fig. S3B′).
uring post-meiotic development, the tHMG-1-eGFP and tHMG-
-eGFP signals became more and more restricted to the nuclei of
he germ cells, while the cytoplasmic signal faded (see Fig. 3B and
). The above-described pattern was detected in four independent (E) CG30356 expression in individualizing nuclei and accumulating localization
G) Merged photo of ﬂuorescence images in (D–F). (A–G) Asterisk, hub region. Scale
tHMG-1-eGFP and tHMG-2-eGFP ﬂy strains in which the constructs
integrated randomly into the genome. Thus, we  suggest that in
early post-meiotic stages in general, tHMG-2 expression is lower
than tHMG-1 expression. Also in recent transcriptome analyses, we
observed more thmg-1 transcripts than thmg-2 transcripts (Theofel
et al., 2014).
In addition to this post-meiotic expression pattern of squashed
preparations, lightly squashed testes of tHMG-1-eGFP and
tHMG-2-eGFP transgenic ﬂies revealed dot-like eGFP signals in
spermatocytes (for higher sub-cellular resolution, see Fig. 5). Thus,
we analysed the time point at which tHMG-1-eGFP enters the
nucleus and localizes to chromatin. To investigate the expression
of the HMG-box-containing proteins in spermatocytes, we per-
formed in vivo time-lapse imaging experiments. For this purpose,
primary spermatocyte cysts – the unit containing 16 sister cells
that progress together through spermatogenesis until individual-
ization – from a ﬂy strain expressing tHMG-1-eGFP and H2AvD-RFP
were isolated and taken into culture (Awe  and Renkawitz-Pohl,
2010; Gärtner et al., 2014). The tHMG-1-eGFP transgenic ﬂy strain
was chosen for imaging due to the notable stronger expression of
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ﬂig. 4. Ectopically expressed tHMG-1-eGFP and tHMG-2-eGFP localize to interband
-eGFP  or (B) UAS-tHMG-2-eGFP driven by sgs58AB-GAL4. Top row: DNA stained w
erged photo of top and middle rows. Scale bars: 2 m.
HMG-1-eGFP in spermatocytes compared to expression of tHMG-
-eGFP (compare Fig. 3B and C). As shown in Fig. 5 (Movie is
istorted S1), tHMG-1-eGFP was ﬁrst detected at the chromatin
hen chromosomes (marked by H2AvD-RFP) started to condense
rior to the ﬁrst meiotic division (0 min, small arrows). Signals of
HMG-1-eGFP at the chromosomes increased until they arranged
t the metaphase plate (30 min, large arrows). The ﬁrst meiotic
ig. 5. tHMG-1-eGFP accumulates at the chromatin at the onset of meiosis. Expression of (
ollowed by in vivo imaging at the times indicated. Small arrows, accumulation at chromo
uorescence images (A) and (B). Scale bar: 20 m.lytene chromosomes. Polytene chromosomes of larvae expressing (A) UAS-tHMG-
oechst dye; middle row: visualized with the respective eGFP fusion; bottom row:
division was  completed 40 min  later, and the tHMG-1-eGFP sig-
nal at the chromosomes started to fade as did the H2AvD-RFP
signal of chromatin (1 h 10 min). The cytoplasmic tHMG-1-eGFP
signal appeared to be unaltered (0 min–1 h 10 min). The second
meiotic division followed the pattern described above. Lightly
squashed testes of ﬂies expressing tHMG-2-eGFP displayed a spot-
like eGFP signal in primary spermatocytes, comparable to the
A) H2AvD-RFP (chromatin) and (B) tHMG-1-eGFP in cultured spermatocyte cysts
somal regions; large arrows, arrangement at metaphase plate. (C) Merged photo of
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Fig. 6. tHMG-1 and tHMG-2 localized to nuclei during histone-to-protamine transition. (A–D) Squashed preparation of wild-type Drosophila testes. (A) DNA stained with Hoechst
dye.  (B) tHMG-1 detected with an anti-tHMG-1 antibody, from round spermatid nuclei until late canoe stage nuclei (column 4) in a spotted pattern. (C) tHMG-2 detected
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gith  an anti-tHMG-2 antibody, from round spermatid nuclei until late canoe stage 
ituation shown in Fig. 5 at 30 min. Hence, we propose that also
HMG-2 starts to accumulate at the nuclei prior to the meiotic
ivisions.
We raised peptide antibodies against tHMG-1 and tHMG-2 (see
he Material and methods section). These antibodies detected a
omparable dotted expression pattern of both proteins (Fig. 6A–D).
n addition, antibody staining clearly revealed that tHMG-2 was
etected longer at the late canoe stage nuclei (Fig. 6C; column 5)
han tHMG-1 (Fig. 6B; column 5). Furthermore, we stained Tpl94D-
C mutant testis with anti-tHMG-1 and anti-tHMG-2 antibodies.
n the mutant, both tHMG-1 and tHMG-2 displayed wild-type local-
zation (data not shown).
HMG-1 and tHMG-2 form homodimers and heterodimers in vivo
tHMG-1 and tHMG-2 showed a highly similar expression pat-
ern and are putative interacting partners as predicted by the
rosophila Interactions Database ‘DroID’ (Murali et al., 2011).
onsequently, we tested whether tHMG-1 and tHMG-2 can inter-
ct via ectopic expression of tHMG-1 and tHMG-2 in larval salivary
lands and adult testes using the BiFC assay. The assay is based on (column 5) in a spotted pattern. (D) Merged photo of (A–D). Scale bar: 10 m.
reconstitution of an intact ﬂuorescent protein when two comple-
mentary non-ﬂuorescent fragments fused to a pair of interacting
proteins are brought together via the direct interaction of the pro-
teins (for a review, see Kodama and Hu, 2012). For this purpose,
MYC-C-YFP- and N-YFP-HA-tagged constructs carrying the open
reading frame of thmg-1 or thmg-2 under UAS control were gener-
ated. We observed that in larval salivary glands and adult testes,
tHMG-1 and tHMG-2 bound to each other and were also able to
form homodimers (larval salivary glands shown in Fig. 7A; for con-
trol see Fig. S4).
To further explore tHMG-1 and tHMG-2 interaction dur-
ing spermatogenesis, we used double-transgenic ﬂies expressing
tHMG-1-C-YFP and N-YFP-tHMG-2 under the native promoter
region (for control of lines with single insertions see Fig. S5). As
shown in Fig. 7B, the BiFC signal was  exclusively detected in a dotted
pattern at canoe stage nuclei (arrows). Results of antibody staining
of proteins with myc  and HA tags were inconclusive. Thus, it can-
not be excluded that expression of the constructs starts in canoe
stage spermatids. Importantly, these results indicated that tHMG-
1 and tHMG-2 interact during the time of histone-to-protamine
transition in vivo.
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Fig. 7. tHMG-1 and tHMG-2 form homodimers and heterodimers in vivo. (A) Slightly squashed fresh preparations of larval salivary glands from ﬂies ectopically expressing
sgs58AB-Gal4-driven UAS-BiFC constructs. tHMG-1 and tHMG-2 were tagged with NYFP or CYFP at the N- and C-terminus, respectively. Scale bar: 20 m.  (B) Interaction
study  in ﬂies expressing both tHMG-1-CYFP and NYFP-tHMG-2. Row 1: DNA stained with Hoechst dye. Row 2: histones detected with an anti-all-histones antibody. Row 3:
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permatogenesis appears normal in testes of a thmg-1 and
hmg-2 double-mutant and transcription of hmgz is up-regulated
thmg-1 and thmg-2 most likely arose by a gene duplication event
ince they share high sequence similarity. In addition, their expres-
ion patterns strongly resembled one another. Thus, tHMG-1 and
HMG-2 might act redundantly during spermatogenesis. To obtain
urther insight into the role of tHMG-1 and tHMG-2, we generated
 thmg-1/thmg-2 null double-mutant ﬂy strain. We  mobilized a P-
lement localized in the 5′ untranslated region of thmg-2 in the
y strain P(SUPor-P)CG7046KG05938. Since thmg-1 and thmg-2 are
rranged in tandem in the genome (Fig. 8A) with only a 772 bp
pacer, we could search for an imprecise excision of the P-element
hat affected both genes. Indeed, mobilization of the P-element led
o a deﬁciency of 1.459 bp in the genomic region, leaving only 57 bp
f the 5′ untranslated region of thmg-1 and a truncated thmg-2
ene encompassing 335 bp of the open reading frame, including
art of the HMG-box region (Fig. 8A). The deletion was veriﬁed by
CR analysis (Fig. 8B) and sequencing (not shown). In wild-type
ies, a primer pair ﬂanking thmg-1 and thmg-2 led to a PCR frag-
ent of 2,184 bp. In double mutant ﬂies, the same primers led to
 PCR fragment of 724 bp. We  named this deﬁciency thmg1-2.
or this deletion mutant, we cannot exclude that a transcript is
nitiated from the remaining promoter of thmg-1,  which includes
he remaining part of thmg-2. But we do not expect a truncated
HMG-2 protein, as the breaking point of the deletion does notallow the same codon usage as for wild-type thmg-2.  Indeed, stain-
ing with antibodies raised against tHMG-1 and tHMG-2 in testes of
the mutant ﬂy strain conﬁrmed the absence of tHMG-1 and tHMG-
2 proteins (Fig. 8C, row 3). In addition, we  conﬁrmed the absence of
tHMG-2 protein by western blot experiments (Fig. S2D). However,
we observed no phenotypic changes in spermatogenesis in this ﬂy
strain.
As ﬂies with a lack of protamines are also fertile, we next asked
whether the absence of tHMG-1 and tHMG-2 expression affects
the deposition of other proteins expressed during spermiogene-
sis at the nuclei. We  stained squash preparations of mutant testes
with speciﬁc antibodies raised against Tpl94D, Mst77F, protamine
A (ProtA) and protamine B (ProtB). The lack of tHMG-1 and tHMG-
2 did not affect the loading of these components at the nuclei
during spermatogenesis; all the proteins were expressed in their
expected pattern at canoe stage nuclei (Fig. 8 rows 4–6, ProtA not
shown). In addition, we observed that removal of histones is unaf-
fected in these mutants as well (data not shown). Since the somatic
homologues of tHMG-1 and tHMG-2, HMGD and HMGZ, are also
expressed in the testis, we  tested whether HMGD and HMGZ are up-
regulated in the absence of tHMG-1 and tHMG-2. qRT-PCR exper-
iments showed slightly but signiﬁcantly altered gene expression
levels of hmgd and hmgz in thmg1-2 mutant testes (Fig. 8D).  While
levels of hmgz were up-regulated two- to three-fold using rpl32
and gapdh1 as reference genes, hmgd up-regulation was no longer
signiﬁcant when gapdh1 was used for normalization (Fig. S6).
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Fig. 8. tHMG-1 and tHMG-2 are dispensable for the histone-to-protamine transition. (A) Scheme of the genomic region of thmg-1 and thmg-2. P{SUPor-P}CG7046KG05938 used
to  generate the thmg-1/thmg-2 double-mutant allele was  inserted 94 bp upstream of the translational start codon of thmg-2. Mobilization of P{SUPor-P}CG7046KG05938 led to
a  deletion of 1,459 bp in the genomic region. Orange arrows: location of primers used to analyse mutants. (B) Veriﬁcation of the thmg-1/thmg-2 double mutant allele (Del)
by  PCR. wt, wild-type. (C) Squashed preparations of testes of wild-type (rows 1–2) and thmg1-2 ﬂies (rows 3–6). DNA was  stained with Hoechst dye (column 1). tHMG-1
and  tHMG-2 were visualized by staining with anti-tHMG-1 and anti-tHMG-2 antibody, respectively. Staining of chromatin components Tpl94D, Mst77F, and protamine B as
i  qRT-
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(ndicated (rows 4–6). Protamine A localized like protamine B (data not shown). (D)
igniﬁcance: **P ≤ 0.01. NS: not signiﬁcant. (For interpretation of the references to c
iscussion
As histones are removed from chromatin, transition proteins
re deposited and are subsequently replaced by protamines. Due
o the highly restricted expression pattern of the transition pro-
eins, they are considered to play important roles in chromatin
emodelling. However, mice lacking either TP1 or TP2 are fertile
Adham et al., 2001; Yu et al., 2000; Zhao et al., 2001). Only mutantsPCR analysis of hmgd and hmgz transcripts in thmg1-2 mutant testes. P-value for
in this ﬁgure legend, the reader is referred to the web version of this article.)
deﬁcient for both TPs are completely sterile; sperm are present in
the epididymis but show reduced mobility and viability (Zhao et al.,
2004). Here, we showed that mutant Drosophila lacking substan-
tial parts of the C-terminus of the transition-protein-like Tpl94D
are fertile. We  propose that, similar to the situation in mice, addi-
tional proteins act redundantly with Tpl94D in Drosophila.  We
applied a candidate gene approach and identiﬁed four uncharac-
terized HMG-box-containing proteins detected during Drosophila
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Hig. 9. HMG-box-containing proteins expressed during Drosophila spermatogenesis. DN
f  spermatogenesis. The scheme below indicates the expression pattern of the ne
rotamines and Mst77F.
erm-cell development. Our data showed that spermatogenesis
n Drosophila is characterized by continuous expression of several
MG-box-containing proteins in an overlapping pattern from sper-
atogonia until mature sperm are formed (summarized in Fig. 9).
Indeed, two of the newly identiﬁed HMG-box-containing
roteins, tHMG-1 and tHMG-2, were both expressed from sper-
atocyte stages until late elongating spermatid stages. Thus, these
wo proteins could play a role in the histone-to-protamine switch.
oth proteins were dynamically and similarly expressed during
permatogenesis. tHMG-1-eGFP and tHMG-2-eGFP were ﬁrst vis-
ble in spermatocytes, where they were mainly detected in the
ytoplasm. Live imaging of tHMG-1-eGFP revealed association of
he protein with the condensing chromosomes during the meiotic
ivisions. Association with condensed chromatin structures dur-
ng mitosis has been described for HMGD, a paralogue of tHMG-1
nd tHMG-2 and also mammalian HMGB1 and HMGB2 (Ner and
ravers, 1994; Pallier et al., 2003). These proteins are assumed to
rganize a higher-order chromatin structure.
Importantly, both tHMG-1 and tHMG-2 were expressed at the
ighest levels in elongating spermatid nuclei, where chromatin
ondensation is already in progress. tHMG-2 is expressed longer
han tHMG-1. When protamines were fully loaded, both proteins
ere no longer detected. An analogous expression pattern has been
escribed for the HMG-box-containing protein HMGB4 in mice
estes (Catena et al., 2009). HMGB4 expression is ﬁrst observed at
tage V in the euchromatin of pachytene spermatocytes. Increased
ignals are detected during the elongation phase in the nuclei of
tep 8 early elongating spermatids up to step 13 elongating sper-
atids, and expression disappears around step 14. According to
hao et al. (2004), histone removal is completed in step 13 of sper-
atid development. Hence, an HMG-box-containing protein is also
xpressed in mice during the histone-to-protamine transition.
Since HMG-box-containing proteins are abundant in mam-
alian and Drosophila testes, we assume that they play important
oles during germ-cell differentiation, especially in chromatin-
elated processes. The HMG-box-containing proteins investigated
n mammalian testes tissue are the abundant HMGB proteins
MGB1 and HMGB2. These bind DNA with little or no sequence
peciﬁcity, but are known to decrease the compactness of the chro-
atin ﬁbre, thus enhancing the accessibility of chromatin targets
o, e.g. transcription factors or remodelling proteins (Stros, 2010).
MGB1-knockout mice die shortly after birth (Calogero et al.,s stained with Hoechst dye to visualize germ cell morphogenesis during the course
dentiﬁed HMG-box-containing proteins with respect to that of histones, Tpl94D,
1999). Mice lacking HMGB2 are viable, and male Hmgb2−/− mice
have reduced fertility. The role of HMGB2, which is expressed at the
highest levels in transcriptionally active spermatocytes, has been
linked to transcriptional regulation (Ronfani et al., 2001). In mam-
mals, global transcription in germ cells is repressed at the end of the
round spermatid stage. In mice, expression of HMGB4 is strongest in
elongating spermatids. However, HMGB4 acts as a potent transcrip-
tional repressor in transfection assays (Catena et al., 2009), which
might argue for a different role of the protein. HMGB4-knockout
mice have not yet been generated.
It has generally been accepted that global transcription in
Drosophila is shut down by the end of spermatocyte stage.
Therefore, in later stages, the association of HMG-box-containing
proteins with the condensing chromatin could be required to facil-
itate the switch from histones to protamines. Alternatively, they
could be solely structural elements needed to fold DNA  in differ-
ent higher-ordered structures at a speciﬁc time, like protamines.
However, a role in post-meiotic transcription of genes cannot be
excluded since active RNA polymerase II is detected during the late
canoe stage (Rathke et al., 2007), and a study has implicated sub-
stantial genome-wide expression during post-meiosis (Vibranovski
et al., 2009). Direct evidence for post-meiotic transcription comes
from a study visualizing de novo RNA synthesis in canoe stage sper-
matid bundles near the nuclei (Vibranovski et al., 2010).
tHMG-1 and tHMG-2 were expressed from spermatocyte stages
onwards. Both proteins bound to chromatin when ectopically
expressed in larval salivary glands. Since both proteins bound to
euchromatic interbands, we hypothesize that they associate with
open chromatin conﬁgurations. This state might be facilitated by
the observed formation of homodimers and heterodimers of the
proteins. Indeed, we observed tHMG-1 and tHMG-2 heterodimer
formation during the histone-to-protamine transition at the time
when tHMG-1 and tHMG-2 expression was  strongest.
According to their broad expression pattern, tHMG-1 and tHMG-
2 could be involved in transcriptional regulation. This hypothesis
is in line with the genetic interaction of the somatic paralogues of
tHMG-1 and tHMG-2, HMGD and HMGZ, with the brahma chro-
matin remodelling complex (Ragab et al., 2006). In addition, we
postulated that at the time of the transition, both proteins facilitate
the switch along with Tpl94D by interaction with a putative remod-
elling complex. However, tHMG-1/tHMG-2-deﬁcient ﬂies did not
display an obvious morphological phenotype, and histone removal
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nd the loading of the chromatin components Tpl94D, Mst77F and
rotamines was not defective. Interestingly, a strong hypomorphic
utant allele of hmgd/z also exhibits only minor morphological
efects in somatic tissue (Ragab et al., 2006). HMGD and HMGZ
roteins are expressed in Drosophila testes as well (unpublished
ata). However, nothing is known about the cellular expression
attern. The literature reports the use of antibodies raised against
MGD and HMGZ, but these are unfortunately no longer available
Renner et al., 2000). We  analysed whether the lack of tHMG-1
nd tHMG-2 is compensated by up-regulating hmgd and/or hmgz
ranscription. Transcript levels of hmgd were slightly altered. Signif-
cance depends on the chosen reference transcript. However, levels
f hmgz were two- to three-fold up-regulated. This ﬁnding might
int at a putative compensatory mechanism where other proteins
uch as HMGZ could substitute for tHMG-1/tHMG-2 function. This
ould also be the case for Tpl94D, which also showed no defects
n spermatogenesis. However, recombination of both mutations is
 challenging task due to their close proximity on the cytogenetic
ap (Tpl94D: 3R,94D5; tHMG-1/-2: 3R,94B1).
In conclusion, the function of proteins containing the HMG-box
otif in both mammalian and ﬂy testes is still enigmatic, as is the
nvolvement of these proteins in nuclear processes in general. It has
een suggested that HMG-box-containing proteins act within a net-
ork in which each member can partially compensate for the other
reviewed in Reeves, 2010). A similar mechanism might apply in
rosophila spermatogenesis as well, in which these proteins display
n overlapping expression pattern. Also loss of the HMG-box-
ontaining protamines of Drosophila results only in minor defects
n chromatin condensation (Rathke et al., 2010). Examination of
ompound mutant ﬂies lacking even more HMG-box-containing
roteins as well as identiﬁcation of further chromatin-binding
roteins and analysis of their interaction network will expand our
nderstanding of the dynamic processes in chromatin reorganiza-
ion during spermatogenesis.
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